Background: Echocardiography-based programming of conduction delays in cardiacresynchronisation therapy is complex and time-consuming. Impedance cardiography (ICG) may be an alternative method. However, it is unknown whether ICG is sensitive enough to detect haemodynamic changes due to different pacing-induced ventricular activation modes. The aim of this study was to determine the ability of ICG to measure haemodynamic changes during different ventricular pacing modes in patients with a cardiac resynchronisation therapy (CRT).
Introduction
Cardiac resynchronisation therapy (CRT) in patients with advanced heart failure and left bundle branch block improves left ventricular function and reduces clinical symptoms, rate of hospitalisations and overall mortality in a subset of patients with left ventricular systolic dysfunction [1, 2] . Since CRT has become an established adjunctive treatment for heart failure patients, device performance has improved constantly, allowing not only for restoration of left ventricular synchrony through simultaneous left and right ventricular pacing but also for individualised modification of both atrioventricular (AV) and interventricular (VV) pacing intervals. In a prospectively conducted study, individualised AV delay programming using echocardiography has been shown to improve NYHA class, left ventricular ejection fraction (LVEF) and quality of life compared to an AV delay of 120 ms [3] . Individualised optimisation of biventricular stimulation timing has attracted interest to reduce the substantial proportion of CRT non-responders (20 to 30%) despite meeting appropriate implantation criteria [4] . At present, different noninvasive approaches have been chosen to optimise AV and VV intervals during routine follow-up management. In daily practice, device adaptation is performed mainly by echocardiography, and different approaches using Doppler echocardiography parameters, tissue imaging techniques and 3-dimensional echocardiography have been evaluated. However, although widely used, echocardiography-based device optimisation is time consuming, and is not always reproducible [5] . Impedance cardiography (ICG) as another noninvasive technique for haemodynamic assessment has been described for decades. Recently ICG has been investigated to optimise AV and VV intervals in CRT recipients [6, 7] . However, the reported results remain questionable with regard to the achieved amount of measured haemodynamic improvement. In this study we sought to determine if ICG is sensitive enough to detect haemodynamic changes during different ventricular activation patterns such as intrinsic rhythm, right-, left-and biventricular pacing.
Patients and methods

Patient population
Eighteen patients with congestive heart failure treated with CRT were evaluated one month after optimisation of the AV and VV interval with Doppler echocardiography, as it is routinely performed at our department. Indication for CRT was in line with international guidelines [8] . Right ventricular lead was positioned in the right ventricular apex in all patients and left ventricular lead in a lateral or postero-lateral cardiac vein. All patients were on optimal medical therapy and had a stable NYHA classification at the time of, and for at least one month before, study inclusion.
Impedance cardiography
ICG is based on the assumption that the thorax can be modelled as a homogeneous electrical conductor filled with blood. Volume changes in the cardiovascular system produce impedance variations across the thorax. Surface electrodes constantly deliver a low amplitude high frequency current and measure variations in transthoracic impedance to this current flow [9] . ICG was performed with the use of a commercially available device (Task Force Monitor Systems, CNSystems, Austria). This device combines continuous blood pressure (cBP) measurement,u sing the vascular unloading method at the finger [10] , and beat-to-beat stroke volume (SV) measurements with ICG. Variations of thoracic electric impedance were assessed through band surface electrodes placed at both sides of the lower thorax and at the neck base as described previously [11] . In order to avoid artefacts during data acquisition, telemetry between the CRT device and the programmer was disconnected and ICG measurements were stopped when switching between the pacing modes. Since cBP measured on the small arteries of the fingers is not representative for systemic blood pressure, values obtained by the ICG device via two-fingers cuffs are automatically corrected to oscillometric BP values obtained at the contra lateral brachial artery. This is done without any interruptions of cBP measurement by readjustment of the set point. Hence, impedance cardiography provides real time noninvasive beatto-beat monitoring of stroke volume, blood pressure and total peripheral resistance. For determination of the R-R interval, a 2-channel ECG is included and allows real time calculation of heart rate (heart rate in beats per minute). In addition,a 12-channel ECG was obtained at each pacing mode to assess QRS duration. We used suction electrodes, which were placed in a consistent way at each pacing mode and were removed after ECG acquisition between each pacing mode.
Haemodynamic assessment
Measurements were performed in random order during biventricular pacing (BIV), isolated right (RV) and left (LV) ventricular pacing and intrinsic rhythm (IR), all in the VDD mode with a lower rate limit of 40 bpm. As optimisation of AV and VV conduction delays had been performed by echocardiography in all patients previously, the programmed AV and VV intervals in BIV pacing were thought to represent the optimal pacing mode. For reproducibility of measurements, patients were in the supine position 10 minutes before measurements were started and during the whole measurement period. Data acquisition was performed during 10 minutes periods with each pacing mode. The following haemodynamic parameters were analysed: SV as assessed by ICG, cardiac output (CO) calculated as SV*heart rate (HR), total peripheral resistance (TPR) as mean BP/CO, HR as 1/(R-R) and cBP as described above.
Statistical analysis
Categorical data are presented as numbers (percentages) and continuous data as mean ± standard deviation. Wilcoxon signed rank sum test was used to compare continuous variables where appropriate. P values were two-sided and were considered statistically significant if <0.05. Calculations were performed after averaging measurements from the 10 minute data acquisition during paced and intrinsic rhythm. Statistical calculations were performed using the statistical package Prism 5.0 for Mac OS.
Results
Patient characteristics
18 patients were included and one patient was excluded from the analysis because measurements had to be stopped when serious haemodynamic deterioration during IR occurred. In another patient, cBP monitoring was not possible because cuffs could not be fixed on the patient fingers due to severe joint disease. Therefore data on blood pressure and the derived calculated TPR were not available for analysis in this patient. The age of the study population was 67 ± 10 years. All but one were male and the majority had left bundle branch block (82%) with a QRS duration during IR of 173 ± 28 ms. Baseline characteristics are presented in table 1.
Haemodynamic measurements and QRS width during different pacing modes compared to intrinsic rhythm
Haemodynamic values obtained by ICG during different ventricular pacing modes and IR are presented as population-based mean values in table 2 and in table 3 as intraindividual changes of CO and TPR. Compared with IR, both SV and CO improved significantly during BIV ( fig. 1 and 2 ). SV also significantly increased during RV, although to a lesser extent compared to BIV. cBP measurements remained unchanged during the different pacing modes ( fig. 3) , whereas TPR significantly decreased during BIV and RV ( fig. 4) .
Compared to IR, QRS duration increased during RV, while BIV led to a decrease in QRS width, which was not significant (table 2) 
Figure 2
Cardiac output during intrinsic rhythm, biventricular, right and left ventricular pacing. Box plots (25th and 75th percentile, horizontal line indicates median value) and whiskers (minimum to maximum). Cardiac output significantly improved during BIV when compared to IR.
Discussion
In the present study,ICG detected variations in haemodynamic parameters, induced by different ventricular activation patterns through CRT devices, in heart failure patients. A significant improvement of SV and CO was observed during BIV when compared to IR.
Value of ICG for noninvasive haemodynamic monitoring
ICG has already been described as a noninvasive clinical tool to monitor cardiac function [12] . Early studies comparing ICG derived haemodynamic parameters to those of invasive measurements, such as the Fick equation or thermodilution, revealed conflicting data. However, several studies demonstrated that ICG is accurate in stable heart failure patients when it is compared to invasive methods [13, 14] . Differences in patient populations, the lack of uniformity of device use and different statistical methods could account for the divergent results [11] . The accuracy of ICG, especially in presence of tachycardia arrhythmias due to valvular regurgitation [15] ,v ery low CO [16] , unstable cardiac condition or early after cardiac surgery [17] 8C ardiac output 2.8 ± 0.4 3.8 ± 0.1 3.5 ± 0.2 3.4 ± 0.1 yes To tal peripheral resistance n/a n/a n/a n/a 9C ardiac output 2.4 ± 0.1 2.5 ± 0.2 2.7 ± 0. Data are mean ± standard deviation. Cardiac output = ml/min; total peripheral resistance = dyn*sec/cm 5 . Responders to CRT were defined when they experienced an improvement of at least one NYHA class.
the use of spot electrodes, which create a point-like contact to the skin, it is less reliable and reproducible to create a homogeneous field in the thorax. The surface band electrodes used in the present study cover a large area of the skin creating a homogeneous field within the thorax, without the need to move the patient while applying them and show better reproducibility compared to previously used band or spot electrodes. In a comparative study in 16 heart failure patients, the ICG monitor used in the present study showed a close correlation to the gold standard of CO measurement by thermodilution [18] .
Comparison with previous studies comparing haemodynamics during BIV pacing
The value of ICG has been investigated with respect to optimising biventricular stimulation timing in CRT patients. Braun et al. compared the ability of echocardiography and ICG for optimisation of the AV interval in CRT patients based on CO measurements [6] . The mean increase of CO assessed by ICG from the worst to the optimal AV interval was +38%, whereas changes in CO assessed with echocardiography were significantly lower (+17%). Of note, that study population investigated and the current population were similar with regard to age, baseline QRS duration, assignment of cardiomyopathies and functional capacity (NYHA classification), but mean LVEF-assessed before CRT implantation was lower compared to our study population (21 ± 7 vs 26 ± 6%). Another study investigated ICG-based CO measurements at intrinsic rhythm and at different AV and VV delays, shortly after implantation of a CRT device using a standard pacing protocol [7] . At first, the VV interval was optimised (LV preexcitation -60 to +60 in steps of 20 ms) at a fixed AV interval of 120 ms, followed by optimisation of the AV interval (80 to 140 ms in steps of 20 ms) at simultaneous biventricular pacing. Finally the device was set to whichever combination of AV and VV intervals produced the highest CO. Compared to IR, CO was increased by 22% during simultaneous BIV (VV = 0 ms) and a fixed AV interval, and was further increased by 11% at optimised VV and AV intervals, thus there was an increase of CO of 33% during optimised biventricular pacing. The proportion of patients with nonischaemic cardiomyopathy in our study was considerably higher compared to the study by Braun et al. (80 vs 29%) [6] . However, compared to the above discussed results, different ventricular activation patterns resulted in much smaller haemodynamic changes in our study, although we think that changing the ventricular activation pattern (no pacing vs optimised biventricular pacing) should result in greater haemodynamic changes compared to haemodynamic changes that occur during variation of AV or VV conduction delays. However, differences in baseline characteristics, in the sample size of the study population and in the measurement protocols as well as the point of time when measurements were performed ([6]: 1 month, [7] : 3 to 5 days after CRT implantation) might explain the different results. Right ventricular apical pacing during conventional permanent cardiac pacing has been shown to have adverse haemodynamic effects, which might be due to the induced ventricular dyssynchrony. However, RV pacing significantly improved SV compared to IR in our study, whereas LV pacing did not and in some individuals RV pacing was equal to or better than BIV (table 3, 
Figure 4
To tal peripheral resistance during intrinsic rhythm, biventricular, right and left ventricular pacing. Box plots (25th and 75th percentile, horizontal line indicates median value) and whiskers (minimum to maximum). To tal peripheral resistance was significantly reduced during BIV despite significant increase in stroke volume and cardiac output.
ence in SV or CO, but individual haemodynamic improvements during RV pacing were seen in some patients (table 3, patients 3, 6, 10). The DAVID trial for example has shown higher mortality and worsening of heart failure during permanent DDDR pacing at 70 /min compared to VVI backup pacing at 40/min. The population consisted of patients with an indication for an ICD but no indication for permanent pacing and a LVEF of ≤40% [19] . Another trial compared BIV to RV in patients with a depressed LVEF ≤40% and a standard pacing indication, and found that BIV was superior to RV with regards to LV function, exercise capacity and quality of life after 3 months [20] . RV pacing has also been found to decrease LVEF in patients with normal LVEF and in patients after AV node ablation for atrial fibrillation with rapid ventricular conduction [21, 22] .
However, we reported on short-term measurements in patients with chronic biventricular pacing in whom CRT had been switched off acutely. This and the chronology of the pacing mode (BIV > RV > LV > IR), even though equal in all patients, might have influenced our measurements.
Limitations
As it was not the aim of our study to compare ICG measurements to echocardiography,w e do not know how large the haemodynamic changes would have been if measured. The sample size was small and could have influenced outcome. Mitral valve regurgitation is often present in dilated hearts, although CRT has been shown to reduce mitral regurgitation. However, ICG has been reported to be inaccurate in the presence of valvular regurgitation. Therefore we cannot exclude inaccurate haemodynamic measurements in our patients, since we were not aware of the degree of mitral regurgitation at the time of haemodynamic measurements with ICG. The use of ECG equipment next to the ICG measurement unit might have had an influence on measurements by increasing parallel resistance. As each measurement was performed only once we do not know whether our measurements would be reproducible.
Conclusion
The main finding of our study was that in heart failure patients with CRT devices,ICG is able to detect intraindividual changes of haemodynamic parameters induced by different pacing modes. However, based on the small changes observed during dramatic changes in ventricular activation patterns (CRT "on"/"off"), it remains questionable whether ICG is sensitive enough to detect subtle changes incurred by variations of the AV and VV interval during a CRT optimisation procedure. Therefore, the value of ICG for optimisation of CRT devices remains questionable.
